FRP-confined concrete-encased cross-shaped steel columns (FCCSCs) are a new form of hybrid columns recently developed at the University of Wollongong. An FCCSC consists of a square FRP outer tube, a cross-shaped steel section and concrete filled in between. This sectional configuration ensures that the concrete is very effectively confined despite the square shape of the column. In addition, the crossshaped steel section serves as the ductile longitudinal reinforcement for loads in the two lateral directions and its possible buckling is constrained by the FRP outer tube and the concrete, leading to a column that is highly ductile. In this paper, results from a series of stub column tests are presented to demonstrate the concept of the new column form. The experimental program involved the testing of FCCSC specimens as well as four types of similar column forms, namely, square FRP-confined plain concrete columns (SFCPCs), circular FRP-confined plain concrete columns (CFCPCs), concrete-encased cross-shaped steel columns and square plain concrete columns. The test results confirmed the excellent performance of FCCSCs. The test results also showed that compared with the concrete in SFCPCs and that in CFCPCs, the concrete in FCCSCs has a much larger ultimate axial strain and a larger compressive strength, when the same FRP tube is used. 
hybrid columns recently developed at the University of Wollongong. An FCCSC consists of a 9 square FRP outer tube, a cross-shaped steel section and concrete filled in between. This 10 sectional configuration ensures that the concrete is very effectively confined despite the square 11 shape of the column. In addition, the cross-shaped steel section serves as the ductile 12 longitudinal reinforcement for loads in the two lateral directions and its possible buckling is 13 constrained by the FRP outer tube and the concrete, leading to a column that is highly ductile. In the past two decades, fiber-reinforced polymer (FRP) has become increasingly popular as a 41 confining material for the strengthening and seismic retrofit of reinforced concrete columns [1] . 42 More recently, the use of FRP tubes as a confining device as well as a corrosion-resistant skin 43 has also been widely explored for new construction (e.g., [2-4]). As a result, extensive research 44 has been conducted on the behavior of FRP-confined concrete, including experimental studies 45 (e.g., [5] [6] ), analytical studies (e.g., [7] [8] ) and numerical studies (e.g., [9] [10] ). One important 46 finding of the existing studies is that the FRP confinement is much more effective in circular 47 columns than in square columns [1] : the confining FRP jacket/tube is subjected to hoop tension 48 in a circular column, but its four flat sides in a square column are largely subjected to bending; 49 the flexural stiffness of a thin plate/shell is normally much smaller than its axial stiffness. 50 51 On the other hand, H-shaped and I-shaped section (H-section and I-section) steel columns have 52 long been widely used because of their efficiency in resisting bending about the strong axis [11] . 53
The use of an H-shaped (or I-shaped) steel section in FRP-confined concrete columns has been 54 recently explored, leading to the so-called FRP-confined concrete-encased steel composite 55 columns (FCSCs) (e.g., [12] [13] [14] [15] ). The existing studies on FCSCs have demonstrated their 56 excellent ductility under various loading scenarios including concentric and eccentric 57 compression as well as bending. In particular, a detailed experimental study by the authors' 58 group [15] revealed that the H-section provides additional confinement to the concrete in 59
FCSCs, leading to a further enhanced strength of the confined concrete. In an H-section, the 60 two flanges are connected by the web, so its confinement to the lateral expansion of the 61 concrete infill depends not only on the flexural stiffness of the flanges, but also on the axial 62 stiffness of the web. Huang The new form of columns is termed herein as FRP-confined concrete-encased cross- connected by the webs provides additional confinement which is particularly important to the 82 regions that are otherwise not effectively confined (i.e. the regions close to the four flat sides). 83
The cross-shaped steel section also serves as ductile longitudinal reinforcement needed for 84 columns; this is particular advantageous for the columns that are subjected to comparable loads 85 in the two lateral directions. The FRP tube protects the steel section from environment attacks 86 and constrains its possible buckling, so a layer of concrete cover between the FRP tube and the 87 steel flanges is not always needed. Nevertheless, in the cases where a thin steel section is used, 88 such concrete cover may be provided to reduce the thickness of FRP tube needed for ductile 89 and their dimensions are shown in Figure 1f . The volume ratio of steel, which is defined as the 134 ratio between the cross-section area of the steel section and the gross area of the member 135 cross-section, was 11.21%. Other details of the specimens are summarized in Table 1 . 
Preparation of Specimens

171
When preparing for the specimens, the prefabricated FRP tubes were used as the mould for 172 casting concrete. For each FCCSC specimen, a cross-shaped steel section was put into the 173 square FRP tube, which was fixed to a wooden frame. Strain gauges were attached on the steel 174 sections before casting. Before testing, a 50 mm wide FRP strip was applied at each end of the 175 specimens to avoid premature failure in the end regions. Figure 3 shows the specimens in 176 preparation. 177
Test Set-Up and Instrumentation
180
All the compression tests were conducted at the University of Wollongong using a 500 ton 181
Denison Compression Testing Machine with displacement control. The loading rate was 0.6 182 mm per minute for all the FRP-confined specimens (i.e. FCCSCs, SFCPCs and CFCPCs), and 183 was 0.3 mm per minute for the other specimens (i.e. CSCs and PCs). The lower loading rate for 184 the latter specimens was used in order for a stable descending branch to be obtained; this is 185 believed to have little effect on the overall behavior of the columns. In the tests, one steel cap 186 was used at each end of the specimen, with gypsum plaster applied between the cap and the 187 specimen to ensure that identical axial displacement was applied to all the comprising 188 components of the columns, including the FRP tube, the steel section and the concrete. Figure 6a) ; the specimens lost their load capacity quickly after the peak load 216 was reached. By contrast, such a major crack was not observed in Specimens CSC-I, II, which 217 was reinforced with a cross-shaped steel section (Figure 6b ). In these two CSC specimens, the 218 concrete at the corners spalled after the peak stress of concrete was reached, but the concrete 219 within the steel section could still take a significant amount of load at large axial strains. 220 to those of the concrete and the steel tube, and is thus not included. In Figure 7 , the axial strains 244
were taken as the average strains over the whole height of the specimen based on the average 245 overall axial shortening of the specimens. These axial strains were used instead of readings 246 from the strain gauges attached on the steel section, as the latter may not closely reflect the 247 strain state of the confined concrete due to possible significant slips between the steel section 248 and the concrete; such slips may have existed as a result of significant local deformation after 249 yielding of steel and severe damage of concrete. It should be noted that the deformation near the 250 ends may be different from that near the mid-height because of the lateral constraints from the 251 two ends, so the average strains used here may be slightly different from the actual strains of 252 concrete at the mid-height. Nevertheless, these strains still reflects the behavior of the confined 253 concrete as it does not suffer from localized deformation and slips [23] . In this paper, the axial 254 strains were all obtained this way, unless otherwise specified; in addition, compressive strains 255 are defined to be positive while tensile strains are defined to be negative. In Figure 7 , the curves 256 of the FCCSC specimens terminate at an axial strain corresponding to the rupture of the FRP 257 tube (i.e. ultimate axial strain), while those of the CSC specimens and the steel section alone 258 terminate at the same axial strain as Specimen FCCSC-3-I for ease of comparison. The curves 259 of the concrete alone and the sum terminate at a smaller axial strain when the test of Specimen 260 262 Figure 7 shows that the FCCSC specimens had monotonically ascending load-strain curves 263
with an approximately bilinear shape. By contrast, the curves of the CSC specimens feature a 264 descending branch after the peak load was reached at a relatively small axial strain (i.e. around 265 0.004), although the load decrease in the descending branch appears to be gradual and the 266 specimens could still take a considerable load at large axial strains. Compared with the simple 267 superposition of the responses of steel section and concrete, the CSC specimens had a similar 268 ultimate load but much better ductility due to the confining effect of the steel section to the core 269 concrete. The residual load capacity of concrete in the CSC specimens at an axial strain of 2% 270 can be calculated to be 528.9 kN using Figure 7 , with the assumption that the steel section in the 271 CSC specimens took the same load as the one tested alone under uniaxial compression. If it is 272 further assumed that the remaining concrete had a shape shown in Figure 8 after the spalling of 273 concrete at the corners, then the average residual stress of concrete can be calculated to be 20.0 274
MPa. 275 276
With the additional confinement from the FRP tube, the FCCSC specimens reached ultimate 277 loads that are significantly higher than those of the CSC specimens. The FCCSC specimens did 278 not suffer any loss of concrete before the FRP rupture, and the load taken by the concrete at the 279 ultimate state can be calculated to be 1581 kN using Figure 7 with the same assumption above 280 for the load taken by the steel section. The average ultimate stress of concrete can be further 281 calculated to be 45.2 MPa, suggesting that the benefit of using an additional FRP tube was 282
significant. 283 284
It should be noted that in the present study, steel sections with relatively thick flanges (i.e. 7.0 285 mm) were used. These steel sections were chosen intentionally to avoid any possible buckling 286 of the steel flanges, as the focus of this study was to demonstrate the effect of the steel section 287 on the confined concrete. Such steel sections do not buckle until a large axial shortening (i.e.axial compression (Figure 7) . For practical applications, steel sections with relatively thin 290 flanges may be used when axial compression dominates. In these situations, the FRP confining 291 tube may effectively delay or prevent the possible buckling of steel section, and the advantages 292 of the new column form can be even more pronounced than shown in Figure 7 . For the same 293 reason, FCCSCs provide an excellent opportunity for the full exploitation of the yield stress of 294 relatively thin steel sections whose load capacity may be controlled by buckling when used 295 alone. 296
297
The key results of all the four FCCSC specimens as well as the other FRP-confined specimens 298 (i.e. SFCPC and CFCPC specimens) are summarized in Table 2 . In this table, Pu is the ultimate 299 load from the compression tests;
is the equivalent yield strain of the specimens as defined in 300 Figure 9 following the approach by Ref. [24] ; is the ultimate axial strain from the 301 compression tests, which is the strain at the rupture of the FRP tube. The axial strain of 302 unconfined concrete at the peak stress found from the tests on standard plain concrete 303 cylinders is used to normalize the measured ultimate strain . The ductility ratio of the 304 specimens, which is defined as ⁄ , is also listed in Table 2 . The comparison 305 between the FCCSC specimens and the PC specimens are summarized in Table 3 , where Pco is 306 equal to the average concrete strength of Specimens PC-I, II times the net area of the concrete. 307
It should be noted that the average concrete strength of Specimens PC-I, II was lower than (i.e. 308 91.1% of) that found standard cylinder tests due to the size effect. 309 310 In this figure, the lateral strains of the curves labeled "Corners" were averaged from the two 317 strain gauges at the corners (Figure 5 ), the lateral strains of the curves labeled "Sides" were 318 averaged from the three strain gauges at the middle of flat sides (Figure 5 ), while the lateral 319 strains of the curves labeled "Steel flange" were averaged from the two strain gauges at 320 locations corresponding to the ends of one steel flange ( Figure 5 ). It is evident that at the same 321 axial strain, the lateral strain at the corners was generally lower than that at the middle of the flat 322 sides. There is, however, generally no apparent difference between the lateral strains at the 323 middle of the flat sides and those at the ends of the steel flange in the same specimen. 324 325 Figure 12 shows that the curves of the SFCPC specimens are generally lower than 357 the corresponding FCCSC specimens, indicating that at the same axial strain, the lateral 358 expansion of the latter was smaller because of the existence of the steel section, which provided 359 additional lateral constraint to the concrete. 360
Lateral Strain Distribution of FCCSCs
Comparison between FCCSCs and SFCPCs
361
As discussed in the preceding sections, the confinement provided by the steel section depends 362 largely on its two webs which are expected to be subjected to tension after the lateral expansion 363 of the concrete infill. To examine this issue, the readings of the two lateral strain gauges on the 364 web of the steel section of each FCCSC specimen (see Figure 5a ) are plotted against the axial 365 strain in Figure 13 . The axial load-strain curve of each specimen is also plotted in Figure 12 for 366 ease of discussion. It is evident from Figure 13 that the lateral strains of the web were generally 367 small at the initial stage (i.e. before the transition zone of the approximately bilinear load-strain 368 curves), but started to increase quickly after a certain axial strain (i.e. close to the strain 369 corresponding to the peak stress of unconfined concrete). At the ultimate state when the axial 370 lateral strain of the web reached around 0.015 (for three-ply specimens) or around 0.02 (for 372 four-ply specimens), indicating that significant tensile stresses in the lateral direction had been 373 developed in the web of the steel section. 374 375
Comparison between FCCSCs and CFCPCs
377
It has been well established that the FRP confinement is more effective in circular columns than 378 in non-circular columns [9] . The FRP tubes of Specimens CFCPC-3-I, II had the same 379 thickness as those of Specimens FCCSC-3-I, II, and the area surrounded by the FRP tubes in 380 both pairs of specimens was the same. The axial load-strain curves of the four specimens are 381 plotted in Figure 14 to compare the performance of the confined concrete in these specimens. 382
Again, a curve labeled "Steel + Confined concrete" (Curve S&C) is plotted in Figure 14 for 383 comparison; to obtain the curve here, the loads taken by the confined concrete were calculated 384 based on the test results of Specimen CFCPC-3-I. Curve S&C in Figure 14 terminates at the 385 same ultimate axial strain as that of Specimen CFCPC-3-I. It is evident from Figure 14 that 386
Curve S&C falls almost exactly on the curves of the FCCSC specimens, but the former 387 terminates at a much smaller axial strain with a smaller ultimate load. This observation suggests 388 that because of the additional confinement from the cross-shaped steel section, the confined 389 concrete in the two FCCSC specimens possessed even better behavior than that in the 390 corresponding FRP-confined circular columns. The key results of this comparison are also 391 summarized in Table 3 , where Pcc,c is equal to the average concrete strength of Specimens 392 CFCPC-3-I, II times the net area of the concrete, , is the average ultimate axial strain of 393 Specimens CFCPC-3-I, II. The comparison shown in Table 3 and Figure 14 suggests that the 394 load capacity of FCCSCs with a reasonably thick steel section (e.g. with a steel volume ratio of 395 10%) might be conservatively predicted by assuming that: (1) 
